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Introduction
A recent update from the American Heart Association (140) reported that in 2008, 2.7% of Americans suffered a myocardial infarction (MI), ϳ8 million survived an MI, and an estimated 82.6 million were living with one or more types of cardiovascular disease, costing a staggering $300 billion that year. These statistics underscore the challenges facing our health care system today. While advances in both pharmacological and interventional approaches for revascularization have significantly reduced the morbidity and mortality of ischemic heart disease over the past half-century, they do not directly reverse the major reason for ventricular failure and electrical system disturbance, the progressive ventricular remodeling that follows an MI. Therefore, the need for novel therapeutic modalities is paramount. In this regard, encouraging results from preclinical studies and phase I-III clinical trials ( Fig. 1 ) suggest that stem cell therapy provides antiremodeling effects leading to the restoration of contractile function in patients with ischemic cardiomyopathy.
With the discovery of cardiac stem cells (CSCs), the notion that adult myocardial tissue has endogenous regenerative capability (12) signaled the beginning of a new era in cardiovascular medicine. A stem cell is defined by its ability to selfrenew and to differentiate into one or more lineages of specialized cell types (151) . In addition, stem cells are generally organized in niches where their interaction with other cell types (including other stem cells) and the stroma maintains their "stemness" (61, 110, 173) . Characteristics of an ideal stem cell for use in cardiac cell-based therapy are availability, tissue residence or homing specifically to the injured tissue, ability to mobilize endogenous repair mechanisms that are otherwise overwhelmed by the magnitude of damage, and providing a sustainable benefit that translates as prevention or reversal of pathological remodeling and as improvement of left ventricular (LV) function. Previous and ongoing preclinical studies and clinical trials suggest that there are many stem cells that could play this role. Determining the most effective stem cell(s) and also understanding the mechanisms by which they exert their therapeutic effects are the focus of current studies (96, 104) . Each stem cell type, in theory, exhibits some of the characteristics that contribute to a capacity to exert a therapeutic response. As is typical in the evolution of new therapeutic strategies, the ultimate proof derives from clinical testing, and in this regard, some cell therapeutic strategies have not produced the hypothesized improvements in clinical endpoints (161) . Nevertheless, in this early stage of stem cell therapy, both the successes and the failures are informative. This article will review the different types of stem cells and recent advances and molecular mechanisms underlying cell-based ther-apeutic modalities for preventing or reversing myocardial remodeling.
Pluripotent Stem Cells
Pluripotent stem cells, such as embryonic stem cells (ESCs) that can differentiate into all adult cell types, have fundamental characteristics that could produce cardiac regeneration, namely, the ability to differentiate into cells that resemble spontaneously beating cardiac myocytes and express characteristic cardiac myocyte transcription factors (45) as well as into cells that participate in neovascularization (106) . When transplanted into infarcted rodent myocardium, ESC-derived cardiac myocytes engraft and improve cardiac function (111, 113) . However, their immune-privileged properties have been questioned (189) , and ethical, legal, and biological (15, 41) issues have hampered the use of ESCs in human trials. The ability to circumvent these problems by reprogramming adult somatic cells into ESC-like, induced pluripotent stem cells (177) or induced cardiomyocytes (64) potentially provides an attractive alternative to ESCs. These cells have only recently been investigated in clinical trials (71, 119) , but the reproducibility, durability, and safety of human cell reprogramming and genetic engineering strategies remains the subject of intense laboratory investigation.
Umbilical Cord Blood Stem Cells
Umbilical cord blood contains a wide variety of stem cells, including hematopoietic stem cells (176) , mesenchymal stem cells (MSCs) (23) , and a population of unrestricted somatic stem cells (83) , that can be differentiated both in vitro and in vivo into numerous cell types, including cardiomyocytes (83) . Although umbilical cord blood stem cells have generated conflicting results in preclinical studies (75, 83, 101, 114) , there are studies (27) showing that Wharton's jelly-derived MSCs have a greater endothelial differentiation capacity than bone marrow-derived MSCs, and they are currently the subject of the phase-II clinical trial, Intracoronary Human Wharton's Jelly-Derived Mesenchymal Stem Cells (WJ-MSCs) Transfer in Patients With Acute Myocardial Infarction (WJ-MSC-AMI; NCT01291329).
Skeletal Myoblasts
Skeletal myoblasts (satellite cells) are a population of quiescent stem cells located under the basal lamina of muscle fibers that proliferate in response to injury to help regenerate muscular tissue (19) . Although they have limited differentiation ability, skeletal myoblasts, based on the concept that these cells would have sufficient plasticity for cardiac myocyte differentiation, have been investigated as a potential therapeutic approach for myocardial regeneration (1, 53, 162) . Studies indicate that skeletal myoblasts are unable to couple electromechanically with the endogenous cardiomyocytes, and this deficit is likely the basis of the detrimental ventricular tachyarrhythmias observed in early studies (154, 156) . Thus, despite more than 40 preclinical studies, questions regarding the safety and efficacy of these cells remain (154, 156) , and there is relatively less enthusiasm for this cell type compared with other alternatives.
Bone Marrow-Derived Stem Cells
There is intense interest in the bone marrow as a source of cells with capacity for cardiac repair, and bone marrow has been widely tested in mechanistic studies and clinical trials for cardiac disease. Bone marrow harbors a wide variety of stem/precursor cells with potential for cardiac differentiation. Some, but not all, studies support the idea that bone marrow-derived stem/progenitor cells (BMSCs) (20) have the capacity to differentiate into cardiac myocytes and endothelial cells (123, 124) . These characteristics and the relative accessibility of bone marrow have supported the hypothesis that autologous BMSCs and/or its stem/ progenitor cell populations could produce phenotypic and clinical recovery in patients with remodeled ventricles. Preclinical studies have demonstrated that whole bone marrow (8, 65, 70, 118, 123) improves hemodynamic parameters and cardiac morphology. Kamihata et al. (70) showed that whole bone marrow improved myocardial perfusion and reduced infarct size in a swine model. In addition, the newly formed capillaries, but not the fibroblasts, in the infarct area were derived from donor BMSCs, supporting the notion that BMSC therapy produces a proangiogenic rather than a fibrosis-inducing microenvironment.
Endothelial progenitor cells and mononuclear cells. In addition to whole bone marrow, numerous studies have been conducted examining specific constituents of bone marrow. Endothelial progenitor cells (EPCs) share certain phenotypic and functional characteristics with fetal angioblasts (80) and express the surface markers CD34, CD133 (5), Flk-1 [vascular endothelial growth factor (VEGF) receptor-2] (128), and AC133 (hematopoietic stem cell marker not expressed on mature endothelial cells) (51) . In preclinical studies, EPCs promote neovascularization, leading to the prevention of LV remodeling and to some degree of cardiomyocyte regeneration (147) . Although several phase-1 clinical trials have reported preliminary feasibility and safety data with EPC therapy after MI, most of these studies actually investigated bone marrowderived mononuclear cells (MNCs), not isolated EPCs (150 While there is substantial evidence for the safety of bone marrow MNCs from clinical trials, there are inconsistent findings as to their efficacy. The TOPCARE-AMI (91) and the BOne marrOw transfer to enhance ST-elevation infarct regeneration (BOOST) trials (144) recently completed their 5-year follow-up. These trials, which together totaled 119 patients, illustrated the long-term safety of this cell-based therapy approach. In TOPCARE-AMI, the improvement in LV ejection fraction (LVEF) in the treated group was sustained, but results from BOOST showed that the early (6 mo) improvement in LVEF in the treated group was not sustained at 5 years. These inconsistent findings emphasize the importance of examining in future trials the long-term sustainability of cell-based therapy.
Furthermore, the First Mononuclear Cells injected in the United States conducted by the Cardiovascular Cell Therapy Research Network (FOCUS-CCTRN) phase-2 trial evaluated whether transendocardial delivery of bone marrow MNCs improves LV performance and perfusion at 6 mo in patients with chronic ischemic cardiomyopathy (130) . Although there was no improvement compared with placebo in LV endsystolic volume, maximal oxygen consumption, or myocardial perfusion, exploratory analyses showed significant improvement in LVEF and stroke volume. Interestingly, the improvement in ejection fraction was associated with higher bone marrow CD34 ϩ and CD133 ϩ progenitor cell counts. These results suggest that the cellular composition of the bone marrow may determine clinical end points, with certain cell populations providing a greater regenerative benefit.
MSCs for ischemic heart disease. MSCs comprise ϳ0.01% of bone marrow and are operationally defined as plasticadherent, hematopoietic lineage negative cells of the MNC fraction of the bone marrow (133) . MSCs have also been isolated from virtually every tissue type (33) and are thought to participate in niches, regulating the function of hematopoietic cells (26) and other specific lineages (40). Interestingly, MSCs also differentiate into bone, tendon, cartilage, fat, and muscle, raising the possibility of their use in disorders of organ systems comprising those tissues (26) . While these cells express numerous cell surface markers, including CD105, CD73, and CD90 (190) , no single cell surface marker indisputably characterizes MSCs. Furthermore, MSCs may lose the expression of certain surface markers or even acquire the expression of new ones as they are isolated and expanded in vitro (67) . Therefore, MSCs are not a homogenous population of cells (120) and whether MSCs from different tissues are biologically equivalent remains to be determined (191) .
Multilineage differentiation potential has become one of the defining characteristics of MSCs (7) . Under specific culture conditions in vitro, these cells can differentiate into osteocytes, chondrocytes, adipocytes, smooth muscle cells, fibroblasts, endothelial cells, (132) and cardiomyocyte-like cells (102).
Caplan (21) showed that differentiation depends on the cellular milieu. For example, bone marrow-derived MSCs (BM-MSCs) cultured in the presence of 5-azacytidine differentiate into multinucleated myotubes that express ␤-myosin heavy chain, desmin, and ␣-cardiac actin and also display spontaneous rhythmic calcium fluxes (180) . Murine BM-MSCs cultured under the same conditions started beating spontaneously, connected to adjoining cells, and became synchronized after 2 to 3 wk (102) . Those cells adopted two types of action potentials, sinus node-like and ventricular myocyte-like, and exhibited cardiomyocyte-specific gene expression (atrial natriuretic peptide, ␣-and ␤-myosin heavy chain, Nkx2-5, and GATA4) (102) . Rat BM-MSCs cocultured with neonatal rat ventricular myocytes differentiated into cardiomyocytes that contracted, expressed sarco(endo)plasmic reticulum calciumATPase 2 and ryanodine receptor 2 and were positive for troponin T, ␣-actinin, and desmin (98) . Another factor that may promote cardiomyocyte differentiation is mechanical loading (131) . Several studies have revealed two main regulatory pathways of MSCs differentiation, the Wnt (17, 37, 44) and the transforming growth factor (TGF)-␤ pathways (4, 7), but there is a plethora of other molecules that have been shown to play a regulatory role, such as epidermal growth factor, platelet-derived growth factor, and fibroblast growth factor (108, 165) .
Animal studies have established that MSCs are capable of differentiating into cardiomyocytes and/or vascular structures in both allogeneic (61, 145) and xenotransplantation (166) models, resulting in significant functional improvement and reduction of ischemic scar area. Interestingly, animals subjected to allogeneic MSC transplantation did not manifest evidence of rejection (3, 141) , consistent with observations by several groups that MSCs exhibit immune-privileged properties in vitro and in vivo (56) , likely because of the absence of MHC-II, B-7 costimulatory molecules, and CD40 ligand (170) . The lack of costimulatory molecules prevents T-cell responses and also induces an immunosuppressive local microenvironment through the production of prostaglandins and other soluble mediators such as nitric oxide, indoleamine 2,3-dioxygenase, and heme oxygenase-1 (24, 79, 84, 138, 143) . MSCs reduce the respiratory burst that follows neutrophilic responses by releasing interleukin-6 (136). They also inhibit the differentiation of immature monocytes into dendritic cells, hence the antigen presentation to naïve T cells is greatly impaired (66) . In addition, MSCs release soluble factors, such as hepatocyte growth factor and TGF-␤1 (39) that suppress the proliferation of cytotoxic and helper T cells.
The potential clinical application of MSCs was explored early in the developing field of cell-based therapy. Chen et al. randomized 69 patients post-MI to receive intracoronary administration of either autologous MSCs or placebo. They used single positron emission computer tomography and detected a significant improvement in LV function and perfusion defect, suggesting that MSC therapy induces regeneration of infarcted myocardium and protects against LV remodeling (28) . We compared the therapeutic benefit of intravenous administration of allogeneic MSCs to placebo in 60 patients after acute MI (60) . In addition to establishing the safety of allogeneic MSC delivery to humans, echocardiography revealed a 6% increase in LVEF at 3 mo for MSC-treated patients. In addition, patients receiving MSCs had improved quality of life, better respiratory function, and a near eradication of ventricular arrhythmias. Recently, Williams et al. (179) reported the results from the first eight patients of the Transendocardial Autologous Cells in Ischemic Heart Failure Trial (TAC-HFT), in which autologous BMSCs (either culture expanded MSCs or MNCs) were injected intramyocardially into patients with chronic ischemic cardiomyopathy. These patients demonstrated improved regional myocardial contractility and decreased infarct size. Notably, early improvements in regional function predicted the degree of reverse remodeling 12 mo following cell therapy. These early investigations have engendered a plethora of ongoing trials testing the capacity of MSCs or MSC precursors for myocardial regeneration. Importantly, the findings from these studies have also indicated that the selection of end points, such as direct measures of infarct size and ventricular remodeling, that accurately reflect clinical outcomes could represent more suitable measures of efficacy for cell therapy (161, 179) than LVEF, which most cell therapy trials have used as the primary end-point marker of efficacy.
As previously mentioned, MSCs have the capacity to be used as an allogeneic cell therapeutic. To test whether allogeneic MSCs are as safe and effective as autologous MSCs, our group is conducting The Percutaneous Stem Cell Injection Delivery Effects on Neomyogenesis Pilot Study (The POSEIDON-Pilot Study; NCT01087996), the first direct randomized head-tohead comparison of autologous versus allogeneic MSCs delivered by transendocardial, intramyocardial injection. This study will help determine whether or not allogeneic MSCs, a costeffective "off the shelf" cell product, are equally effective as a therapeutic regimen as autologous MSCs and will also define the relative advantages of the autologous versus allogeneic approach in various patient populations.
MSCs for nonischemic heart disease. Although the majority of cardiac cell-based therapy studies have targeted acute MI and ischemic cardiomyopathy, it is important to point out that a significant number of heart failure patients have nonischemic cardiomyopathy. Idiopathic dilated cardiomyopathy (DCM) is a leading cause of heart failure morbidity and mortality and accounts for ϳ50% of heart transplants (163) . The primary phenotype of DCM is an enlarged, remodeled ventricle with increased end-diastolic and end-systolic volumes, reduced ejection fraction, and impaired contractile and diastolic function. Given that cell-based therapy produces durable and sustainable improvements in cardiac function and causes reverse remodeling in ischemic cardiomyopathy, it is attractive to hypothesize the same for patients with nonischemic cardiomyopathies. If these effects can be clinically established and optimized, there is enormous potential for improving clinical outcomes for the many patients suffering from DCM. A case report and small clinical study on the safety and feasibility of cell therapy for DCM (86, 109) were encouraging and indicate that larger scale randomized trials are warranted. Accordingly, we have initiated a clinical trial to establish the safety and efficacy of bone marrow-derived MSC therapy for patients with DCM. The Percutaneous Stem Cell Injection Delivery Effects on Neomyogenesis-Dilated Cardiomyopathy (POSEIDON-DCM; NCT01392625) study is a randomized comparison of autologous versus allogeneic MSC therapy employing percutaneous delivery with a transendocardial catheter delivery system.
Cardiac Stem Cells
The realization that adult myocardial tissue(s) have endogenous regenerative capability (12) dramatically shifted the long-held view that the heart is a terminally differentiated organ without regenerative capability. It has now become evident that there are myocytes in the heart expressing the cell cycle proteins CDC6, Ki67, MCM5, serine 10-phosphorylated histone H3 (PH3; Fig. 2B ), and aurora B kinase, indicating that these cells can replicate (11) . The rate of replication of these myocytes increases substantially in pathological states (93) . Two possibilities could account for the presence of these cells: replicating CSCs (Fig. 2C ) evolving into transient amplifying cells or mature myocytes that have dedifferentiated and reentered the cell cycle (14, 43, 85) . A landmark study by Beltrami et al. (12) was the first to challenge the dogma that the adult myocardium lacks regenerative capacity. The authors reported a population of cardiac Lin Ϫ c-kit ϩ cells possessing the properties of CSCs. These cells gave rise to cardiomyocytes, smooth muscle cells, and endothelial cells; indicating their ability to undergo trilineage differentiation, reconstitute myocardium, and form new blood vessels and cardiomyocytes when injected into an ischemic heart. Accordingly, this study established that the adult mammalian heart does indeed contain a compartment of stem cells.
CSCs are a diverse cell population. They are approximately one-tenth the size of mature cardiac myocytes and express the stem cell factor receptor c-kit (CD117) (12) , stem cell antigen 1 (Sca-1; an antigen present in rodents but not mammals) (122) , and in some cases the transcription factor Islet-1 (89), which in neonatal hearts marks the second heart field. Islet-1 is also reported in cardiosphere-derived cells (discussed below) derived from postnatal hearts (112). Hierlihy et al. (62) identified a side population of cells that form colonies in vitro (semisolid media) and differentiate into cardiomyocytes. Interestingly, these cells were found to be activated when growth of the postnatal murine heart was attenuated, through overexpression of a dominant negative cardiac transcription factor (MEF2C), and subsequently depleted. These findings were suggestive of a responsive CSC pool in the adult myocardium. Additionally, Martin et al. (107) detected another side population of cells that are capable of proliferating and differentiating into cardiac and hematopoietic lineages in vitro. These cells were identified based on their expression of Abcg2, an ATPbinding cassette transporter.
Another source of CSCs may emerge from studying the integral role of the epicardium in heart development (158) , which in lower vertebrates (68, 74) participates in cardiac regeneration. Although several groups have studied the presence of c-kit ϩ cells in the epicardium with variable results (100, 184), there is now mounting evidence for the presence of epicardial progenitor cells that resemble MSCs (29) . Following MI, these cells undergo endothelial-to-mesenchymal cell transformation (22) . The acquisition of a mesenchymal phenotype and subsequent migration from the subepicardial space into the myocardial wall is followed by proliferation and formation of myocardial precursors and vascular cells (22, 38, 100) . Furthermore, MI triggers the activation of fetal epicardial genes (Tbx18, WT1, and retinaldehyde dehydrogenase type 2) (99). has been shown that systemic administration of thymosin ␤4 in mice after MI results in decreased cardiomyocyte death (159) and reactivation of the embryonic program, as demonstrated by the epicardial increased expression of VEGF, Flk-1, FGF17, FGF receptor-2, FGF receptor-4, TGF-␤ and ␤-catenin (16) .
CSCs are likely supported and maintained within cardiac tissue in specialized microenvironments termed "stem cell niches" (48, 115). Niches are located in the myocardial interstitium where CSCs can maintain their "stemness" by forming connections with other stem and supporting cells, i.e., mature cardiomyocytes and fibroblasts, through connexins and cadherins. Niches have been detected throughout the myocardium and are concentrated at the atria and apex (172) , and it is from within these niches that endogenous stem cells proliferate and then migrate to the injury site after an ischemic incident (122) . CSCs and side population cells most likely mediate endogenous mechanisms for minor repair and for replacement of ongoing cell turnover within the adult heart. The endogenous repair appears to be limited to noninfarcted tissue (13) and may attenuate the progression to heart failure. However, significant cellular injury, as inflicted by an MI, could overwhelm the regenerative ability and contribute to stem cell and niche depletion or destruction (94) .
It has been proposed that cardiospheres mimic cardiac niches (95) . Cardiospheres contain a central cluster of c-kit ϩ cells, layers of differentiating cells expressing myocyte proteins and the gap junction protein, connexin 43, and an external layer of mesenchymal cells. When transplanted into murineinjured hearts, cardiospheres exhibit enhanced engraftment and improved myocardial function compared with cells grown in a monolayer. This difference may in part be due to the presence of connexin-43 gap junctions. Connexin 43 plays a differentiation-dependent role. In more differentiated cardiomyocytes, connexin 43 promotes cell-cell electrical coupling (72) , whereas in less mature cells it promotes proliferation and differentiation (55, 125) . Dissociation of cardiospheres into single cells decreased the expression of adhesion molecules and undermined resistance to oxidative stress, thereby reducing their ability to engraft and their functional benefit (95) . On the other hand, Ye at al. (182) isolated and cloned Sca-1 ϩ CD45 Ϫ cardiospherederived cells and injected them into post-MI mice hearts. They observed that cloned Sca1 ϩ CD45 Ϫ cells induced angiogenesis, differentiated into endothelial and smooth muscle cells, and improved cardiac function. Interestingly, the expression of the transcription factor Islet-1 was threefold higher in the Sca1 ϩ
CD45
Ϫ cells than in whole cardiospheres. Islet-1 is expressed in a cell population that gives rise to both myocardial and vascular tissues (89) . These studies suggest that cardiospheres provide a niche-like environment that helps resist oxidative stress and maintain "stemness," whereas isolation of cells from cardiospheres promotes their differentiation and lineage commitment. Further studies are needed to elucidate the mechanisms involved in the balance between resistance to oxidative stress and relevant lineage commitment.
Clinical trials employing CSCs. CSCs can be harvested from patient cardiac biopsies and expanded ex vivo to generate large numbers of autologous cells (10) , which can then be delivered back to the patient. Recently published results from the phase-I clinical trial Cardiac Stem Cell Infusion in Patients With Ischemic CardiOmyopathy (SCIPIO) (18) demonstrated that intracoronary infusion of autologous c-kit ϩ CSCs is effective at improving LV systolic function and reducing infarct size in patients with heart failure after MI. These results are very encouraging and provide rationale for larger randomized trials that will extend these observations to test whether clinical benefits derive in patients receiving infusions of these cells. A phase-I randomized clinical trial of cardiospheres as a cell-based therapeutic was also recently completed. The CArdiosphere-Derived aUtologous stem CElls to reverse ventricUlar dySfunction (CADUCEUS) trial (103) included 25 patients who had suffered an MI and who were randomized to receive cardiosphere-derived cells (by intracoronary infusion) or standard care. Magnetic resonance imaging (MRI) analyses 6 mo after treatment with cardiospheres showed a reduction in scar mass and an increase in viable heart mass, regional contractility, and regional systolic wall thickening. In contrast to the study of culture-expanded c-kit ϩ CSCs, cardiospheres did not augment parameters of integrated cardiac performance such as LVEF.
Mechanisms of Action of Cell-Based Therapy
The initial motivation for stem cell research and cell-based therapy was the idea that the injection of stem cells into a scarred myocardium would promote regeneration through transdifferentiation of the exogenously delivered stem cells, a hypothesis supported by Orlic et al. (123) . However, the totality of ongoing mechanistic and translational studies has highlighted the fact that the therapeutic process is a multifaceted, orchestrated process involving multiple mechanisms of action.
The in vivo mechanism of action of MSCs is under intense investigation in an effort to shed light on the multifaceted nature of cell-based stimulation of cardiac repair (3, 135, 166, 181) . MSCs engraft and differentiate when transplanted in the heart (61, 135) . In this regard, Toma et al. (166) used immunofluorescence staining with anti-␤-galactosidase to identify engrafted MSCs (labeled with lacZ) intramyocardially delivered to murine hearts. Engrafted MSCs expressed markers of myocardial differentiation as early as 14 days postinjection. Building on these early results, many studies followed in rodent (149) as well as swine models (3, 61, 145, 185) . The study by Quevedo et al. (135) , using a swine model of ischemic cardiomyopathy, showed that 14% of engrafted MSCs demonstrated evidence of cardiomyocyte differentiation. In addition, there was evidence of cell-to-cell coupling between these differentiated MSCs and host myocytes via connexin-43 gap junctions. In a swine model of acute MI, a combination of a statin and intramyocardial injections of BM-MSCs improved cardiomyocyte-differentiation capability by fourfold (181). However, not all studies show in vivo differentiation of MSCs. For example, MSC differentiation was not evident in a canine model by Silva and colleagues (152) , revealing potential differences between species and/or study designs.
Despite the evidence for differentiation of engrafted MSCs (69, 105, 135) , the collective results from studies of MSCs have called into question the correlation between the frequency of engraftment and differentiation of transplanted MSCs and the reported functional recovery early posttransplantation. For instance, reports of LV functional improvement within 72 h postinjection cannot be explained by MSC transdifferentiation (117) . Based on these observations, some investigators ques-tioned whether differentiation occurs at all, raising the theory that cell fusion with resident myocytes could explain, at least in part, cardiac recovery (121) . On the other hand, the fact that of hundreds of millions of cells fewer than 10% remain after 2 wk has lent credence to the paracrine signaling hypothesis (54), whereby exogenous MSCs secrete factors that induce neovascularization and prevent cardiomyocyte apoptosis, thereby reducing remodeling and improving cardiac function (80, 147) . However, the observation of long-term MSC survival, engraftment, and trilineage differentiation and that MSC engraftment correlated with functional recovery in contractility and myocardial blood flow in a swine model of chronic ischemic cardiomyopathy (105) indicate that stem cells do provide more than simply paracrine support for repair. Moreover, other investigators have suggested that it may simply be the sheer mechanical strengthening of the MI scar that prevents further deterioration in cardiac function (121) . It is likely that the combination of short-and long-term effects of MSCs maintains the process of reverse remodeling.
With regard to the paracrine signaling hypothesis, various studies indicate that MSCs secrete proangiogenic, antifibrotic, and antiapoptotic factors, such as VEGF, stromal-derived factor-1 (77), angiopoietin 1 (73), insulin-like growth factor 1 (57), hepatocyte growth factor, periostin (76) , and thymosin b4 (63). Amado et al. (3) reported that MSCs express VEGF, which is linked to both neoangiogenesis and stem cell homing and migration, but also provided strong evidence of cell differentiation.
Perhaps the most important insight into the mechanism of action derives from studies of cell-cell interactions. In a study ϩ CSCs, whereas an injection of concentrated MSC-conditioned media had no effect. In this study, histological examination revealed chimeric clusters comprised of adult cardiomyocytes, transplanted MSCs, and host c-kit ϩ CSCs that expressed connexin-43-mediated gap junctions and N-cadherin mechanical connections between cells. Importantly, MSC treatment enhanced substantially the abundance of host c-kit ϩ CSCs and their cardiomyocyte lineage commitment capacity. In addition, MSCs and CSCs appeared to create cell clusters closely resembling stem cell niches (Fig. 3) . The latter underscores the emerging concept that MSCs may act both as progenitors for certain cell lineages and, through their participation in niches, as supporting/regulatory cells for other lineages (94) . All of the aforementioned mechanistic insights (Fig. 4) allow us to generate a novel hypothesis that cell therapy reconstitutes endogenous stem cell niches-by way of transdifferentiation and paracrine signaling-and in that manner facilitate cardiac self-healing.
Timing of Delivery
It is recognized that practical issues such as timing, delivery method, and dosing could contribute substantially to the outcome of clinical investigation. In the setting of acute MI, cell therapy seems to have a specific time frame of therapeutic opportunity, a period after MI when the myocardium is more "ripe" for cell therapy (6, 42) . In this regard, two clinical trials are investigating the optimal timing of cell delivery of bone marrow MNCs with the intent of resolving the questions regarding their therapeutic potential. The Transplantation in Myocardial Infarction Evaluation (TIME) study is a phase-II trial developed by the CCTRN to test the efficacy, safety, and most appropriate timing of bone marrow MNCs in patients after acute MI (169) . This trial is comparing the effects of intracoronary delivery of MNCs at 3 and 7 days post-MI in patients with ST-segment elevation, whereas the recently published LateTIME trial tested whether delaying MNC delivery for 2 to 3 wk following MI, and primary percutaneous coronary intervention improves global and regional LV function (59, 168) . In LateTIME, there were no significant changes between baseline and 6-mo measures in the MNC group compared with placebo in LVEF, wall motion in the infarct zone, and wall motion in the border zone, as measured by cardiac MRI. These results suggest that the timing of cell therapy at 2 to 3 wk post-MI may exceed the therapeutic window.
Insights on the most appropriate timing can be gleaned from preclinical studies. For instance, Zang et al. (188) attempted to determine the timing and frequency of cell injections necessary for optimal therapeutic efficacy. They examined the relationship between frequency of injection and therapeutic potential by injecting bone marrow cells into murine ischemic hearts at days 3, 7, or 14 post-MI (monotherapy), at days 3 and 7 (dual therapy), and at days 3, 7, and 14 (triple therapy). Injection solely at day 3 reduced infarct size and improved LV function. However, multiple injections of bone marrow cells had no additive effect, and delaying cell therapy post-MI resulted in no functional benefit. Moreover, a study by Urbanek et al. (172) showed that endogenous CSCs proliferate immediately after MI, but in the chronic phase, their numbers fall and the remaining CSCs have less regenerative potential. This notion is challenged by the preliminary results of the TAC-HFT clinical trial (179) where functional improvement was achieved even at a very late stage post-MI, when heart failure was well established.
Delivery Methods
While there is general agreement that stem cells are a promising therapeutic regimen post-MI, determining the most appropriate stem cell delivery method is still a matter of vigorous debate. To date many techniques have been described, including intravenous (9), transarterial (175), intracoronary (160), intramyocardial-either transepicardial (129) or catheter-based transendocardial (153)-and transvenous injection into coronary veins (164) . The least invasive, trans- Fig. 4 . Mechanisms underlying cardiac regeneration due to cell-based therapy. The improvement in myocardial function and ventricular geometry after transplantation of stem results from multiple coordinated actions of cells used as a therapeutic. Successful cell-base therapy, as observed as a result of MSC and CSC therapy, likely arises from the actions of both administered cells and host cellular elements. Notably, MSCs both have the capacity for trilineage differentiation, as well as stimulating the recruitment, survival, and differentiation of host CSCs. This action of MSCs results from both secretion of cytokines and growth factors [vascular endothelial growth factor (VEGF), stromal-derived factor 1 (SDF1), insulingrowth factor 1 (IGF1), angiopoietin 1] and antifibrotic mediators that together promote neovascularization and reduce fibrosis. Together these actions and the recruitment of endogenous CSCs could represent the reconstitution of stem cell niches in the myocardium.
venous, has the disadvantage that cells may be trapped in the pulmonary circulation (9) before they even reach the systemic circulation. Thus far, the most frequently used technique in clinical trials is the percutaneous coronary delivery of cells. The cells are injected via an over-the-wire balloon catheter into the vessel supplying the ischemic territory. This technique requires a transient ischemic period through the inflation of the balloon to give the cells the chance to be distributed and not washed out, although Tossios et al. (167) proposed that the occlusion is unnecessary.
Intramyocardial delivery of cells is a technique that has gained momentum in the clinical setting (Fig. 1) (3, 179) . The advantage of this method lies in the fact that unlike the intracoronary approach, which requires transmigration of the endothelial barrier, cells that undergo intramyocardial injection are largely found in the interstitial space. Conversely, the main disadvantage is that larger scarred areas require multiple injections. The addition of electromechanical mapping will render this approach the most accurate on tracking the ischemic areas (156) . Determining the most suitable method and the most appropriate route of cell delivery will likely depend on the clinical setting and the cell type and no consensus has been reached.
The common issues surrounding every cardiac delivery method employed to date are the reduction of inflammation, stimulation of neovascularization, and improvement in cell engraftment, proliferation, and survival rates (174) . To address these issues, new experimental strategies are emerging using cardiac tissue engineering. The general strategy involves a combination of cells and biomaterials (hydrogel or threedimensional scaffolds) (148) . This approach promotes greater cell retention (higher viscosity than saline-based suspension) and survival (antiapoptotic biomaterials) (31, 137). A variety of biomaterials have been investigated, including fibrin (142, 186) , collagen (34), Matrigel (82), self-assembling peptides (35), chitosan (183) , and alginate (92) in combination with skeletal myoblasts (30), endothelial cells (36), bone marrow MNCs (186), MSCs (187), ESCs (81) , and neonatal cardiomyocytes (36). Although there are obvious advantages to this strategy, there are also some disadvantages. The biomaterials lack flexibility and thus cannot successfully mimic the myocardial mechanical microenvironment (50) . In addition, they degrade relatively quickly, and, more importantly, the engrafted cells create isolated "islands" with no direct cell-cell interaction with the surrounding tissue (49).
Optimal Dosage of Cell Therapy
Another issue defining an effective therapy is the appropriate quantity of cells transplanted. Instinctively, in stem cell therapy it may be assumed that the more cells transplanted the larger their beneficial impact would be. Two studies that addressed cell dosage reported interesting results that introduce the notion of the threshold effect. Hamamoto and colleagues (58) The regional contractility, as assessed by tagged MRI-derived peak Eulerian circumferential shortening, was improved in both groups, although the contractility of the infarct zone was improved only in the higher dose-treated animals (Fig. 5) .
Emerging Trends
Although cell therapy has progressed substantially since the landmark trials at the beginning of the 21st century, many questions remain unanswered regarding the best cell type, the source of cells, the route of delivery, the timing of the intervention, and the number of the cells needed. Studies have suggested that cells harvested from patients do not show the same benefit as those from healthy individuals (52), highlighting the need for a better understanding of the mechanisms leading to stem cell function and dysfunction. There is a plethora of preclinical studies that suggest strategies to im- prove homing and engraftment capacity of stem cells, which will potentially translate into better clinical results (71, 134, 157) . Two potentially exciting possibilities are the combining of different stem cells or the combination of cell and gene therapy. Recently, microRNAs have assumed a role as potential regulators of cardiovascular biology, vascular growth, and stem cell differentiation and may be attractive targets to optimize cell-based therapies (25) .
A major issue with cell-based therapy is cell survival, and the recipient environment seems to play a major role. Human MSCs were injected into rat infarcted or healthy myocardium and after 28 days; 90% of human MSCs were still found in the healthy myocardium, whereas only 18% of those injected in the infarcted zone were detectable (88) . This observation supports the idea that ischemia creates an unfavorable environment, likely because of locally expressed proinflammatory cytokines inducing cell apoptosis (47). Preconditioning, by incubation of stem cells with prosurvival factors (e.g., stromal derived factor 1a) (126) , increased cell survival by 20% and reduced the number of dying cells in the peri-infarct region by 33%. A more complicated approach is transfection of stem cells with prosurvival or antiapoptotic (i.e., Bcl-2) genes (97) . Another focus of genetic modification of stem cells is the serine-threonine kinases, Akt, and its downstream target Pim-1, both of which appear to play a crucial prosurvival signaling role in the myocardium (32, 116). Normally, the expression of Pim-1 is low in mature human and murine myocardium. MI and its sequelae are accompanied by a reactivation of Akt and Pim-1 signaling, but this overexpression after injury is apparently insufficient to (completely) reverse the damage (116) . Fischer et al. (46) modified CSCs to stably overexpress Pim-1 and injected them into murine infarcted myocardium. They reported greater levels of cellular engraftment, survival, and functional improvement for Pim-1-overexpressing cells relative to control 32 wk postdelivery.
Preconditioning the recipient environment represents another therapeutic approach. Activation of the Akt system reduced post-MI myocardial apoptosis by ϳ41% and infarct size by 7% in a rodent model (78) . Alternatively, inhibition of local inflammation may increase cell survival. Patel et al. (127) used an adenosine agonist at the time of coronary reperfusion in a canine MI model and reported a 16% reduction of infarct size. Moreover, simultaneous delivery of MSCs and VEGF to ischemic myocardium increased MSC survival by almost threefold (134).
Laflamme et al. (87) coinjected a "cocktail" of six different agents together with cardiomyocytes derived from ESCs in a murine heart post-MI. Each agent was chosen based on a different beneficial function. Z-Val-Ala-Asp-fluoromethylketone was used to inhibit caspase-induced apoptosis, cyclosporine and Bcl-XL peptide to block different mitochondrial death pathways, pinacildil to open ATP dependent potassium channels, Matrigel to prevent anoikis, and insulin growth factor-1 to promote cell proliferation. This combinatorial approach resulted in a 2.5-fold increase in LV wall thickening and suggests that a combination of cell types and/or factors will prove the most efficacious in eliciting a favorable remodeling response. Evidence to this effect is found in a preliminary report in a porcine MI model showing that the combination of MSCs and CSCs is more effective at reverse remodeling than either cell type alone (178) .
Conclusion
In summary, the use of cell-based therapy in acute MI and chronic ischemic cardiomyopathy is rapidly emerging as a therapeutic approach with enormous clinical potential. This cell-based approach also holds promise for the treatment of nonischemic DCM. The next phase of work will likely focus not only on determining the best cell type(s) to use but, more importantly, the mechanisms by which these cells interact with host cells and elicit their therapeutic effects. As mechanistic understanding evolves, there is the growing opportunity to enhance the production and utilization of novel formulations of cell-based therapeutics. 
